provide a detailed view of activation by dimerization of a membrane protein.
The structure of monomeric OMPLA consists of a 12-stranded antiparallel ␤-barrel with a convex and a flat side (Fig. 1a) . The 12 amphipathic ␤-strands traverse the membrane, forming a hydrophobic outer surface flanked by rings of aromatic residues at the polar-apolar boundaries of the membrane bilayer. Loops (L1-L6) join consecutive strands at the extracellular side, and turns (T1-T5) connect the strands at the periplasmic side of the membrane (as inferred from epitope insertion studies 6 ). The interior of the ␤-barrel is polar and contains an intricate hydrogen-bonding network providing a rigid structure. The two termini and the L1, L4 and L6 loops cover the barrel's interior and obstruct pore function, as corroborated by the absence of pore activity in black-lipid films (N.D., unpublished results). The 12-␤-stranded architecture of OMPLA resembles the folds of other ␤-barrel outer membrane proteins [7] [8] [9] [10] [11] that have 8-22 ␤-strands. This shows the functionality of this fold not only for transport and structural proteins but also for membrane enzymes.
The active site contains Ser 144 and His 142, as established from chemical modification 12 and site-directed mutagenesis experiments 13, 14 , and is located on the exterior of the ␤-barrel, positioned just outside the outer leaflet ring of aromatic residues. Besides the serine and histidine, the active site contains an asparagine residue (Asn 156). Its side chain is at hydrogen-bonding distance from the N␦1 atom of His 142, fixing the orientation of the His 142 side chain. This constellation of active-site residues resembles that of classical serine hydrolases 15 , but with a neutral asparagine instead of an aspartate residue. Mutation studies have confirmed the importance of Asp 156 for catalysis (R. L. Kingma et al., manuscript in preparation).
Reversible dimerization regulates the activity of OMPLA, with the dimer being the active species 4, 5 . Covalent inhibition with hexadecanesulphonylfluoride allowed the crystallization of the dimeric enzyme. The structural rearrangements upon dimerization are surprisingly few and small (r.m.s. difference between monomer and dimer is 0.4 Å for 257 C␣ atoms). The monomers (labelled A and B) associate with the flat sides of their ␤-barrels to form a homodimer (Fig. 2a) , such that both active sites are located at the outer leaflet side of the membrane. Roughly 1,100 Å 2 of the accessible surface is buried, which corresponds to 10% of the total surface. All interactions between the monomers occur in the hydrophobic membrane-embedded area (Fig. 2b) . In monomeric OMPLA, a stabilizing hydrogenbond network between Tyr 92, Gln 94 and Ser 96 allows these residues to partition in the hydrophobic membrane environment. In the dimer, however, the side chain of Gln 94 is additionally hydrogen bonded to Gln 94 of the other monomer (Fig. 1b) . Gln 94 is strictly conserved in all OMPLA sequences, emphasizing the importance of this residue for functional dimerization. Thus, specific dimer interactions are obtained from a combination of surface complementarity of knob-and-hole patterns and hydrogenbonding interactions between polar residues in the hydrophobic membrane environment. Similar polar patches have been observed in the apolar membrane-embedded regions of other membrane proteins 8, 10, 11 , illustrating the exclusively hydrophobic character of the binding pocket. Both monomers contribute to binding the inhibitor. In particular, contacts for carbon atoms 10-16 are provided by the neighbouring molecule. Binding of the inhibitors accounts for 27% of the dimerization surface, which rationalizes the observed increase in dimer stability of the inhibited enzyme 4 . The catalytic sites are located at the top end of each substratebinding pocket, where a cup-like structure is formed at the interface of the monomers (Fig. 1b) A and L4
A . The sulphonyl moiety of the inhibitor is located in the centre of this active-site cup, where it is covalently bound to the O␥ of the nucleophilic serine (Fig. 1c) . It mimics the transient tetrahedral intermediate of the deacylation step in the serine hydrolase catalytic mechanism. The O3 sulphonyl oxygen atom is at hydrogen-bonding distance from the main-chain nitrogen atom of Gly 146
A and two A (or one B ) water molecules. These water molecules are bound, in turn, to a calcium ion present in the active site. Calcium is an essential cofactor for activity 16 and dimerization . The structure indicates that the catalytic importance of this residue may be related to its calcium-ligating capacity. Despite biochemical evidence for a second calcium site 16 , we find only one bound calcium ion per monomer, presumably caused by the enzyme's low calcium affinity in the presence of uncharged detergents 16 . A phospholipid substrate may bind to OMPLA in a similar fashion to the inhibitor, with one acyl chain occupying the position of the inhibitor's aliphatic chain. The second acyl chain may be located in the membrane compartment without the need for a particular binding site. The phosphate group of the substrate probably extends towards the solvent and could bind to the calcium ion; however, catalysis requires neither the second acyl chain nor the phosphate group 17 , explaining the absence of obvious binding sites for them. Hydrolysis of the substrate could proceed through a mechanism analogous to that of serine hydrolases, with Ser 144 performing a nucleophilic attack on the carbonyl carbon of the ester. A negatively charged intermediate will then be formed which is stabilized by a tetrahedral arrangement of hydrogen bonds (the amide of Gly 146 and two water molecules) and by the remote influence of the calcium ion (at 4
A and Trp 98 B (Fig. 1b) or after dissociation of the dimer. Calcium may have a triple role in catalysis. It may increase the nucleophilicity of the serine, it could polarize the ester carbonyl bond, thereby facilitating nucleophilic attack, and it is involved in oxyanion stabilization. A comparable active site and well-developed oxyanion stabilization have been observed in Streptomyces scabies esterase 18 , which relies on a His-Ser dyad with an carbonyl oxygen atom stabilizing the histidine, and three tetrahedrally arranged hydrogen bonds coordinating the oxyanion (Fig. 3) .
Both calcium 4 and substrate 19 govern dimerization. The main factor that controls dimerization in vivo is probably the substrate. Normally, phospholipids are only present in the inner leaflet of the outer membrane, and OMPLA is in the inactive monomeric form 5 . As activation of OMPLA concurs with the perturbation of the bacterial membrane 4 , we propose that the relief of lipid asymmetry and the presentation of substrate to the outer leaflet induces activation by promoting dimerization and calcium binding. The OMPLA dimer then hydrolyses the substrate into lyso-phospholipids and fatty acids. These compounds will further destabilize the membrane bilayer, and may thus facilitate the release of colicins or virulence factors.
In conclusion, our work shows that, even in the membraneembedded parts of integral membrane proteins, polar interactions can contribute to specific intermolecular contacts. These can be seen as the membrane equivalent of burying hydrophobic side chains in the binding interface of soluble proteins. Our findings could aid in the understanding of a wide variety of activation and regulation processes, such as signal transduction, phospholipid metabolism and bacterial pathogenicity. 
Data collection and processing
Native data of monomeric OMPLA were collected on cryopreserved crystals at EMBL beam line X11, DESY, Hamburg (data set 1) and at the D2AM beam line at the ESRF, Grenoble (data sets 2 and 3). Data were processed using DENZO/SCALEPACK 21 for data set 1, and XDS 22 for data sets 2 and 3. The three data sets were merged using KBRANI (BIOMOL software package); data collected on the D2AM beam line were merged first (R merge 7.7%) and subsequently merged with data set 1 (R merge 10.5%). The crystals diffracted anisotropically, resulting in an effective resolution of the merged data of about 2.4 Å . An iridium derivative was prepared by soaking a native crystal in stabilizing mother liquor at pH 6.5 with 10 mM Na 3 IrCl 6 for one day, which gave two unique sites. Threewavelength anomalous dispersion experiments were collected on the iridium and selenomethione derivatives at EMBL beam line X31, DESY, Hamburg. These data were processed with DENZO/SCALEPACK 21 and scaled with KBRANI. Data on a dimer crystal was collected to 2.1 Å at the ID2B beam line at the ESRF, Grenoble, and processed with DENZO/SCALEPACK 21 . Crystallographic data are summarized in Table 1 .
Structure determination
Isomorphous differences between derivatives and native data were included in phasing, in addition to the MAD phase information. Phases calculated with MLPHARE 23 were improved by solvent flipping and histogram matching using DM 23 . The resulting electrondensity map allowed placement of residues 13-269. The model was refined using the slowcooling protocol and conjugate gradient positional refinement in X-PLOR 24 cycled with manual rebuilding using O 25 . Bulk solvent correction, overall anisotropic B-factor scaling and a resolution-dependent weighting were applied, and temperature factors were refined individually. The model further comprises 28 water molecules and 5 partly occupied ␤-OG molecules. The final R and R free of the model are 22.0% and 27.1%, respectively. Remaining difference density around the protein molecule was interpreted as disordered detergent. 84.8% of the main-chain phi-psi torsion angles is in the most favoured regions, whereas none is in disallowed regions of the Ramachandran plot.
Phases for the dimer were obtained by molecular replacement (AMoRE 23 ) using the monomer as a search model. The dimer was refined using a slow-cooling protocol and conjugate gradient positional refinement in X-PLOR 24 cycled with minor rebuilding using O 25 . Bulk solvent correction, overall anisotropic B-factor scaling, and a resolutiondependent weighting were applied. Initially, tight non-crystallographic symmetry (NCS) restraints were applied to the entire molecules, but later these restraints were gradually relieved. Water molecules were included in the model. Two water molecules with exceptionally low B-factors and substantial difference density were interpreted as calcium ions. Restrained individual temperature factor refinement resulted in a final R of 22.6% and R free of 28.3%. 
